The non-isothermal behaviour of crystallization of polypropylene (PP) and its talc-filled composites was investigated by means of differential scanning calorimetry. Different analytical methods were used to describe the crystallization process. According to the behaviour of crystallization temperature, crystallization activation energy and crystallization parameters and coefficient, talc results in an increase in PP crystallization rate and in a decrease in total energy opposing to homogeneous crystallization. Velisaris-Seferis' kinetic equation was found to describe reasonably well the non-isothermal behaviour of crystallization of PP and its filled composites.
Introduction
Isotactic polypropylene (iPP) is becoming the most important commodity polymer widely used in technical applications. Because of its good mechanical properties, its easy processing, its versatility to accept numerous types of filler, and its relatively low cost, PP has found a wide range of applications in the housewares, packaging, and automotive industries. Despite its simple molecular structure, its mechanical properties depend on the supermolecular structure arrangement obtained in the crystalline state. Isotactic PP is known to exhibit three different crystalline forms: the monoclinic α-form, the hexagonal β-form, and the triclinic γ-form [1] [2] [3] . Under normal processing conditions, α-PP is the principal constituent and may be accompanied by a relatively low amount of β modification.
The incorporation of calcium carbonate, mica, or talc as a filler in thermoplastics is a common practice in plastics industries, which is aimed at reducing production costs 1 of molded products. It is well known that mineral fillers improve the rigidity of the polymers, but they also result in a decrease in ductility and toughness. The use of PP composite in the automotive sector has been increasing in recent years mainly because of its high stiffness, which enables it to replace conventional materials in structural engineering applications [4] . Also, the crystallization process, which is affected by the addition of fillers, changes the polymer properties throughout the crystal structure and morphology established during the solidification process. Another important aspect of the crystallization process is its kinetics both from the fundamental point of view of polymer physics as well as the modelling and control of polymer processing operations.
Purpose of the present work was to study the effect of talc on crystallization kinetics under non-isothermal conditions; a number of macrokinetic models have been proposed (Velisaris-Seferis [5] , Kamal-Chu [6] , Dietz [7] ) in order to describe the macroscopic evolution of crystallinity during the crystallization process. This study was also aimed at comparing the behaviour of these models based on the correlation index (r 2 ), which would judge the applicability of each model.
Experimental part
The polymer object of study was commercial polypropylene (PP) [MFI: 6.5 g/10 min], supplied by Pro-Fax. The talc used was supplied by Key Venezolana de Talco with average particles sizes of 12 µm (determined by laser diffraction).
Blends of PP with talc were prepared at the following concentrations: 2, 5, 10 and 30% w/w of talc. The blends obtained were extruded in a W & P intermeshing corotating twin extruder, under the following temperature profile: 150, 190, 190, 190 and 170°C and a screw speed of 80 rpm. Samples were later stove-dried at a temperature of 80°C for 30 min.
Non-isothermal crystallization kinetics of PP and talc compounds were studied by means of a differential scanning calorimeter (DSC, Mettler Toledo), model DSC821, using standard flat-surface aluminium capsules and nitrogen as purging gas.
Determination of kinetic parameters through Avrami's equation [8] was carried out by means of isothermal crystallization tests. The samples were heated to above melting temperature, held there for 10 min to eliminate residual crystals, then quenched at the maximum rate allowed by the equipment (DSC) until the designated isothermal temperatures (between 110 -131°C) to allow the polymer melt to start to crystallize. To bring the sample to the crystallization temperature from above melt, the fastest cooling rate was used in order to minimize any nonisothermal crystallization effects during the temperature-scan transient that may cause experimental errors in the magnitude of exothermal heat to be measured. The crystallization temperatures studied were six: 110, 117, 121, 125, 127, and 131°C.
For non-isothermal tests the sample was loaded at 25°C, heated at 40°C/min to 200°C and held for 10 min to erase thermal history. The sample was then cooled at the required rate (5, 10, 15 and 20°C/min) to 30°C.
The analysis of the experimental data was carried out using a program for characterization and analysis, whose general calculation logic was described by Albano et al. [9] [10] .
Models of crystallization kinetics

Isothermal crystallization
Avrami's model
Avrami's equation [8] , when used to describe kinetics of isothermal crystallization of polymers, is expressed as follows:
where X is the crystallinity developed by the polymer during time t, at a constant temperature T, k is Avrami's kinetic constant and n is Avrami's exponent.
Velisaris-Seferis' model
These authors [2, 11] presented two equations, which are a series and/or parallel linear combination of Avrami's or Kamal-Chu's equations, to model and simulate crystallization kinetics where two physically differentiable crystalline structures are developed, i.e., a dual crystallization process. However, according to Cebe [12] , these arrangements can also be used to determine if there is an extensive secondary crystallization. The equations involved in isothermal processes are the following:
-Parallel:
where W 1 and W 2 are weighting factors describing the extension of each crystallization process; therefore, the following must be valid: W 1 + W 2 = 1
Non-isothermal crystallization
Dietz' model This model [10] introduces an additional term into the equation of crystallization rate proposed by Avrami to consider secondary crystallization (post-Avrami). This new parameter, a, can take values within 0 -1. When there is no post-Avrami crystallization, the value for this parameter is zero; otherwise it is different from zero. The equation used in non-isothermal processes is:
where:
The crystallization kinetics constant k is expressed as an explicit function of temperature, whereas n continues to be Avrami's exponent under isothermal crystallization conditions.
Kamal-Chu's model
This model [6] is based on the assumption that dynamic crystallization may be treated as a sequence of steps of isothermal crystallization, each one of them represented by Avrami's equation; thus the following equation results:
Velisaris-Seferis' model
Equations involved in non-isothermal processes are the following:
Results and discussion
Analysis of thermograms
In the molding and solidification (crystallization) stages, cooling rate is one of the most influential variables in the final product characteristics. This variable depends on the heat transfer rate from inside the polymer toward its surroundings, and this rate, in turn, depends on thermal diffusivity and energy released during crystallization.
A fast cooling down process of PP from melt to a temperature below T g is significant from its optimization point of view, since higher cooling rates lead to a faster production of the finished product. Fig. 1 shows a typical differential scanning calorimetry (DSC) of PP and PP with 10 wt.-% of talc, cooling down from 200°C at various rates. Crystallization peaks become more intense and shift to lower temperatures as the cooling rate increases. According to Fig. 1a , PP exotherms at the different cooling rates exhibit only two peaks; this could mean that PP crystallized from the melt under two forms, α (monoclinic) and β (hexagonal), since temperatures corresponding to each peak are 124 and 118°C, respectively [4] . This could also mean that PP shows a bimodal behaviour; however the first assertion is the most proper one, because if it were bimodal, one of the peaks would disappear when crystallization rate is increased up to 20°C/min.
According to the PP thermograms with 10 wt.-% of talc shown in Fig. 1b for different cooling rates, one of the peaks disappears. Alonso et al. [3] reported that talc as a filler suppresses the formation of β spherulites in PP, which would mean that crystallization of PP with talc is of the monoclinic type [13] [14] [15] . In general, the surface of the filler particles acts as a nucleation site for PP, thereby changing the amount or the type of crystallinity. The results presented in Tab. 1 show that the filled PP crystallizes from the melt at a higher temperature and a greater rate than iPP. The higher rate of crystallization exhibited by the nucleated PP (filled iPP) should also enable the rapid formation of a delicate spherulitic structure. In contrast it may be predicted that the nucleation rate of PP alone is inherently lower. Similar results were obtained by Macauley et al. [16] in a study on the influence of pigments as nucleating agents in PP. This behaviour results when talc content in PP is increased because the energetic barrier opposed to the homogeneous crystallization decreases.
The heat of crystallization throughout cooling for iPP and its composites was recorded during DSC measurements (standardized for PP) and is summarized in Tab. 1. It is evident that the heat of crystallization of PP composites increases with 6 the talc content for all cooling rates. Thus, the particles added in iPP homopolymer influence nucleation when this is crystallized from the melt. The filler particles generally provide nucleation sites for spherulites. In this respect, high nucleation activity occurs on the filler surfaces, whereas nucleation in the matrix is negligible. Based on Fig. 2 , it can be concluded that crystallization of nucleated iPP occurs at lower degrees of supercooling, whereas homogeneous nucleation takes place at higher degrees of supercooling; this can be also observed in the results listed in Tab. 1.
Blundell et al. [17] and Lustinger et al. [18] showed that crystallization temperature is higher with a lower cooling rate, since high rates favour nucleation density. Similar results to those obtained in this research regarding the decrease in T c and crystallinity degree as a function of an increase in cooling rate were reported by López et al. [19] in a study on the crystallization kinetics of PP with and without fibre (glass, sisal, etc.), Li et al. [20] in a study on Nylon, Cebe and Hong [21] in an analysis of the crystallization behaviour of polyetheretherketone (PEEK), and Tjong and Xu [4] in a study on PP alone and with different CaCO 3 concentrations.
The analysis of the thermograms shows how a decrease in the cooling rate results in a decrease in nuclei density and, consequently, in an increase in spherulite dimensions and crystallization temperature. According to De Porter et al. [22] , this increase in spherulites dimensions at low cooling rates is attributed to the decrease in the number of nucleation sites. Since smaller spherulites are less stable than their larger neighbours, the decrease in their number and their larger size could also be the result of the transfer of molecules towards the more stable ones; this process is favoured by slow cooling rates.
On the other hand, when cooling rate is increased, a restriction in the mobility of PP chains occurs, which could mean the possibility of a secondary crystallization process. In addition, the higher the talc concentration the higher the density of the formed nuclei, thereby implying a smaller spherulite size and an increase in the crystallization temperature. Based on this, a decrease in the time required for the crystals to be compressed to each other can be inferred, which, in turn, means a reduction in secondary crystallization, if any. 3 shows the evolution of the relative crystallinity versus temperature for different cooling rates and different contents of talc. As expected, the onset temperature of crystallization for the nucleated iPP is higher than that for iPP alone. Indeed, the nucleating agent results in an increase in the quantity of activated germs, which leads to a higher value for the starting crystallization temperature [23] . Nevertheless, in the case of the nucleated iPP, crystallization spreads over a larger temperature domain than for iPP alone.
As the cooling rate is increased (Fig. 3b ) the relative crystallinity increases at a faster rate and to a higher degree, after which point the kinetics are changing to a slower process. Furthermore, a higher cooling rate requires a higher undercooling to initiate crystallization, and then the chain mobility begins to have an effect.
In terms of T onset and T 1/2 (temperature at which 50% of crystallinity has been reached) we can obtain the half crystallization time: t 1/2 = (T onset -T 1/2 )/β, where β is the solidification rate. Fig. 4 shows as an example 1/t 1/2 versus β for PP alone, PP with 5 and 10 wt.-% of talc. From these results, we can conclude that the slope value of the curve (which may be defined as a crystallization parameter corresponding to the crystallization rate, CRP) of PP with nucleating agents is higher than that for PP without nucleating agents, thereby meaning a higher crystallization rate in the nucleated PP. Therefore, the larger slope values in PP with nucleating agents confirm the expected trend and help characterize the behaviour of iPP alone and its blends with talc in the crystallization process. Similar results were reported by Zhang et al. [24] in their studies on blends of PP with sodium benzoate. Tc [°C] [°C/min] P P P P /5% P P /10%
Fig. 5. Plot of the cooling rate β against T c of PP with and without talc
According to the treatment proposed by Khanna [25] , cooling rate is plotted against T c (Fig. 5) . Based on these results, we find that the slope value (CRC: crystallization 9 coefficient) of PP with nucleating agent is higher than that for PP without nucleating agent, and increases as a function of the talc content. A higher slope value implies a higher crystallization rate. This result was already demonstrated by means of the analysis of Fig. 4 .
The activation energy for crystallization is computed using Kissinger's equation [26] :
where R is the universal gas constant and Φ is cooling rate. Consequently, at the light of the results shown in Tab. 1, the slopes of ln Φ/T p 2 versus 1/T p will give ∆E/R, where ∆E is the crystallization activation energy. According to the values listed in Tab. 2, ∆E exhibits a slight decrease with the addition of 2% of talc, from 317 kJ/mol to 301 kJ/mol. Variations for other concentrations were not meaningful, which could indicate that at higher talc concentrations a saturation phenomenon of nucleating agent is produced, and agglomerate formations would give rise to a decrease in nucleation rate, which, in turn, would affect the ∆E value. 
Tab. 2. Activation energy (E a ) for non-isothermal melt crystallization of PP without and with talc at different concentrations
Kinetic parameters
Kinetic parameters for the non-isothermal crystallization process of PP-talc composite were determined from the values of k and n, k 1 , k 2 , n 1 and n 2 obtained from the isothermal crystallization process using Avrami's and Velisaris-Seferis' equations with a simulation and modelling program for crystallization kinetics [10] .
A study on the kinetics in a non-isothermal process, for the Avrami exponent n that changes as a function of temperature, takes the average of the values isothermally obtained, as reported by De Porter et al. [22] , Patel and Spruiell [27] , and Albano et al. [10] . Tab. 3 lists the values of this parameter for each temperature, composition and its n average value. This same calculation was developed with the n 1 and n 2 values (Tab. 4), obtained through Velisaris-Seferis' equations.
To calculate a proper value of the specific rate constant as a function of temperature, a mathematical expression was used whose constants were adjusted using the isothermally obtained values of k, k 1 , k 2 (Tab. 5) at the different crystallization temperatures and for the same talc concentration. The adjustment was carried out according to Seo [28] , where the expression is of the ln k(T) = aT + b type; this was also stated by Ozawa [29] and Caze et al. [30] . Tab. 5 shows the k(T), k 1 (T), k 2 (T) equations as well as the adjustment indices (r 2 ) for PP alone and PP with different talc concentrations.
Comparison between the different macrokinetic equations
When experimental data are modelled using the series (V-Ss) and parallel (V-Sp) Velisaris-Seferis, Kamal-Chu (K-Ch) and Dietz (D) kinetic models, V-Ss and V-Sp exhibited a good correlation throughout the whole range of rates and talc concentrations in the composite, which can be deduced based on the values of the correlation indices (r 2 ) shown in Tabs. 6 -9. These correlation indices are also found to be closer to unity at higher cooling rates when V-S models are used.
In addition, weight factors W 1 (W 2 = 1 -W 1 ) for the V-S model (Tab. 10), according to Velisaris and Seferis [5] are indicative of the existence of a dual crystallization mechanism or a secondary crystallization process as described by Cebe [12] in studies on PEEK with carbon fibre.
On the other hand, the Kamal-Chu model does not follow the experimental data obtained at the different cooling rates and talc concentrations, because this model depends on the onset temperature of the crystallization process, and neither does Dietz' model as shown by the values of the correlation indices (Tabs. 6 -9) . Although the parameter a is 1, due to r 2 values it is not possible to state that there may exist a secondary crystallization process for the composites under study. Avrami exponent, n (-) 
Conclusions
The non-isothermal kinetic behaviour of PP and talc-filled PP composites has been investigated by DSC techniques. The results show that the crystallization temperature and crystallinity are higher for the composites than for PP alone. Both behaviours can be attributed to more marked interactions between the filler particles 13 and the matrix, promoting faster crystallization during the cooling down process. Based on the CRP and CRC behaviour, it can be inferred that talc brings about an increase in PP crystallization rate. Regarding ∆E values, talc gives rise to a decrease in total energy opposite to homogeneous crystallization. Talc was found to behave as an effective nucleating agent, accelerating nucleation and crystal growth of PP. The Velisaris-Seferis equation describes reasonably well the non-isothermal crystallization behaviour of the PP polymer and its filled composites. Additionally, the KamalChu and Dietz models do not follow the experimental data.
Tab. 7. Summary of the correlation indices (r 2 ) suggesting the quality of the fit of Velisaris-Seferis, Kamal-Chu and Dietz kinetic models to the non-isothermal crystallization of PP with 2 wt. 
